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Possible function of the second 
RecJ-like protein in stalled 
replication fork repair by 
interacting with Hef
Mariko Nagata1, Sonoko Ishino1, Takeshi Yamagami1, Jan-Robert Simons2, Tamotsu Kanai2, 
Haruyuki Atomi2 & Yoshizumi Ishino1
RecJ was originally identified in Escherichia coli and plays an important role in the DNA repair and 
recombination pathways. Thermococcus kodakarensis, a hyperthermophilic archaeon, has two RecJ-
like nucleases. These proteins are designated as GAN (GINS-associated nuclease) and HAN (Hef-
associated nuclease), based on the protein they interact with. GAN is probably a counterpart of Cdc45 
in the eukaryotic CMG replicative helicase complex. HAN is considered mainly to function with Hef for 
restoration of the stalled replication fork. In this study, we characterized HAN to clarify its functions 
in Thermococcus cells. HAN showed single-strand specific 3′ to 5′ exonuclease activity, which was 
stimulated in the presence of Hef. A gene disruption analysis revealed that HAN was non-essential 
for viability, but the ΔganΔhan double mutant did not grow under optimal conditions at 85 °C. This 
deficiency was not fully recovered by introducing the mutant han gene, encoding the nuclease-deficient 
HAN protein, back into the genome. These results suggest that the unstable replicative helicase 
complex without GAN performs ineffective fork progression, and thus the stalled fork repair system 
including HAN becomes more important. The nuclease activity of HAN is required for the function of 
this protein in T. kodakarensis.
All living organisms have replication systems to duplicate their genetic information, and have also evolved repair 
mechanisms to maintain genome integrity for their offspring and to prevent disorder of their cellular systems. 
The molecular mechanisms of DNA replication and repair have been actively studied since the discovery of the 
double-helix structure of DNA. A common feature is that these processes are performed by multiple protein com-
plexes, called replisomes and repairsomes. Recent progress in the elucidation of the DNA replication mechanism 
has focused on the structure and function of the unwinding machinery, the unwindosome. In the eukaryotic 
DNA replication system, the Cdc45 protein forms a complex with the hexameric MCM, consisting of Mcm2-7, 
and the tetrameric GINS, consisting of Sld5, Psf1, Psf2, and Psf3 (CMG complex). Biochemical and structural 
analyses of the eukaryotic CMG complex are actively progressing1–8. Cdc45 and GINS perform structural roles to 
facilitate the formation of the active helicase complex by the catalytic MCM complex.
Archaea, the third domain of life, include very interesting organisms to study from molecular and evolu-
tional biology aspects. Archaea have a unicellular ultrastructure without a nucleus, as observed for bacterial 
cells. However, the proteins involved in the genetic information processing pathways share strong similarities 
with those of Eukarya9. Actually, most of the DNA replication-related proteins in Archaea are homologues of the 
eukaryotic replication proteins, including ORC, Cdc6, GINS, MCM, RPA, PCNA, RFC, FEN1, in addition to the 
primase, DNA polymerase, and DNA ligase, which are obviously different from bacterial proteins10,11. Their simi-
larities indicate that the DNA replication machineries of Archaea and Eukarya evolved from a common ancestor.
Regarding the replicative helicase, all archaeal genomes have at least one gene, and sometimes multiple 
genes, encoding an Mcm homolog12. Several archaeal Mcm proteins have been characterized in vitro, and the 
distinct DNA helicase activity of the MCM homohexamer has been shown in vitro, in contrast to the eukaryotic 
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MCM. Furthermore, stimulation of the helicase activity by the interaction with GINS has been reported in sev-
eral archaea13–17. It was particularly interesting to determine whether a counterpart of the eukaryotic Cdc45 
exists in Archaea, because an obvious homolog had not been found in the archaeal genome. However, a detailed 
sequence analysis revealed that the eukaryotic Cdc45 protein possesses a DHH phosphodiesterase domain, which 
is also present in bacterial RecJs18,19. The bacterial RecJ protein has 5′–3′ ssDNA-specific exonuclease activity to 
function in DNA repair pathways, including homologous recombination, base excision repair, and mismatch 
repair20–22. In contrast, no nuclease activity has been detected for eukaryotic Cdc45 so far. A Cdc45/RecJ-like 
protein from the hyperthermophilic archaeon, Thermococcus kodakarensis, shows 5′–3′ single-stranded DNA 
(ssDNA)-specific exonuclease activity, as in the bacterial RecJs, and this nuclease activity is stimulated by GINS 
in vitro23. This archaeal protein was designated as GAN, from GINS-associated nuclease. We demonstrated the 
GAN-GINS-MCM complex formation in T. kodakarensis, and determined the crystal structure of GAN com-
plexed with the C-terminal B domain of the Gins51 subunit24,25. Furthermore, GAN-GINS stimulated the MCM 
helicase activity in vitro. Similarly, the formation of a complex of the Cdc45/RecJ-like protein with MCM and 
GINS from Sulfolobus species was reported. The association of the Sulfolobus Cdc45/RecJ with GINS and MCM 
robustly stimulated the helicase activity26. However, in the case of Sulfolobus, GINS had no effect on the helicase 
activity of MCM, as previously shown27, and Cdc45/RecJ alone did not show any detectable effect on the MCM 
helicase activity. In addition to these differences, we also described the CMG-like complex in Thermoplasma 
acidophilum, in which the Cdc45/RecJ-like protein is one of two homologs, RecJ1 and RecJ2. The CMG-like 
complex consists of Mcm, Gins51 (homotetramer in this archaeon), and RecJ2, which showed 3′–5′, but not 
5′–3′, exonuclease activity in vitro28. All of the reports suggested that the CMG-like complex, which includes 
Cdc45/RecJ, is the central component of the replicative helicase in Archaea, but the Cdc45/RecJ component is 
remarkably diversified.
The T. kodakarensis genome has two different genes encoding Cdc45/RecJ-like proteins. We found the second 
Cdc45/RecJ-like protein during our search for proteins interacting with the intrinsically disordered region (IDR) 
of the Hef (helicase-associated endonuclease for fork-structured DNA) protein, and designated this protein as 
HAN (Hef-associated nuclease)29. Hef was originally discovered in the hyperthermophilic archaeon, Pyrococcus 
furiosus. Biochemical characterization of the purified protein confirmed the specific affinity for branched DNA 
structures, including the replication fork. The helicase activity from the N-terminal domain was dramatically 
stimulated by fork-structured DNAs, and the endonuclease activity from the C-terminal domain specifically 
cleaved nicked, flapped, and fork-structured DNAs30,31. Genetic analyses using the hef mutant strain confirmed 
that Hef is involved in multiple repair processes, and its especially high sensitivity to mitomycin C (MMC) 
implied that Hef performs a critical function in DNA interstrand cross-link (ICL) repair32. These genetic and bio-
chemical properties of Hef suggested that this protein actually works at stalled replication forks in T. kodakarensis, 
by the coordination of its helicase and endonuclease activities. Genetic and cytological analyses of the hef gene 
in Haloferax volcanii also revealed that Hef is involved in stalled replication fork repair33,34. The human ortholog 
of Hef (hHef) was identified as FANCM, and it is known that mutations in the FANCM gene are the cause of 
Fanconi anemia, a hereditary genetic disease35,36. Hef is now recognized as a protein involved in stalled replication 
fork repair. The biochemical properties of HAN have remained elusive, although our previous study showed its 
interaction with Hef 29. In this study, we biochemically characterized the highly purified HAN protein and isolated 
the han gene knock-out mutant of T. kodakarensis. Based on the biochemical properties and the phenotype of the 
mutant, we discuss the function of HAN in archaeal cells.
Results
HAN constitutes an independent cluster in the phylogenetic tree of RecJ family proteins. RecJ 
family nucleases have been actively studied, as the predicted archaeal counterparts of Cdc4523,25,27,28,37–39. 
To understand their structure-function relationships, published RecJ-like proteins were picked up with their 
properties (referred above) and were schematically added to the phylogenetic tree, which were calculated by 
Makarova et al.19 (Fig. 1a). Bacterial RecJ has been regarded as a 5′ to 3′ exonuclease. However, no experimental 
data are available for the nuclease activity of eukaryotic Cdc45. The GAN ortholog is well conserved in many 
archaeal genomes (arCOG00427)19. However, it is interesting that a different group of proteins, which are not 
associated with GINS, is also included in this cluster. HAN, the second RecJ-like protein in T. kodakarensis, has 
typical DHH motifs, which are essential for the nuclease function in bacterial RecJs40–42. The characteristic fea-
ture is that HAN lacks motif V and the CID (CMG-Interaction domain)-like domain, which are unique to the 
GAN-family24,28,39 (Supplementary Fig. S1). This C-terminal region containing the DHH motifs is fused to three 
nucleic acid (NA)-binding domains, a DnaJ-like zinc finger (ZF) domain and two distinct OB-fold domains, at 
its N-terminal region. Based on these structural features, we expected that HAN possesses a unique exonucle-
ase activity. Interestingly, HAN is conserved only in the euryarchaeal phylum, except for Thermoplasmatales, in 
Archaea (Supplementary Fig. S2).
Biochemical characterization of the nuclease activity of HAN. We first investigated the nucle-
ase activity of the highly purified HAN (Fig. 1b). As shown in Fig. 1c, the 5′-32P-labeled ssDNA substrate was 
shortened during the reaction. The substrate DNA became shorter than 10 nt, but was not degraded to single 
nucleotides (lanes 1–4, “normal” DNA). When HAN was reacted with the substrate DNA with four successive 
phosphorothioate modifications, the degradation was inhibited at the modification sites to produce 11–14 nt 
DNAs (lanes 6–9, “S” DNA). These results indicate that HAN cleaved ssDNA in the 3′ to 5′ direction. We also 
tested the nuclease activity of HAN using 3′-FITC-labeled DNA with or without phosphorothioated modifica-
tion at 3′ terminus (Supplementary Fig. S3a), and found a product shorter than 1 nt from only DNA without 
phosphorothioated modification (lane 4). The DNA with phosphorothioated modification was not cleaved. The 
reaction rate of HAN nuclease was high at 70 °C (Supplementary Fig. S3b), although it was slow down to show 
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the products as a ladder pattern at 50 °C (Supplementary Fig. S3c, lanes 3 and 4). To investigate whether the 
HAN reaction is processive, excess amounts (10- and 100-times) of non-labeled substrate DNAs were used to 
protect HAN, which fell down from the substrate DNA, from reloading. These experiments also showed only 
the very short product (Fig. S3d), and therefore, HAN should be a highly processive exonuclease. HAN cleaved 
3′-overhanged dsDNA, but not blunt ended dsDNA and 5′-overhanged dsDNA (Supplementary Fig. S3c, lanes 
6–12). The cleavage of the 3′-overhanged DNA stopped at about 10 nt from the double-stranded region, support-
ing the conclusion that HAN specifically cleaves ssDNA in the 3′ to 5′ direction. HAN did not degrade circular 
ssDNA and dsDNA (Supplementary Fig. S3e), indicating that HAN lacks endonuclease activity. In addition, HAN 
cleaved RNA with the same or slightly better efficiency (Supplementary Fig. S3f). HAN cleaved 5′-FITC-labeled 
RNA and generated <14 nt products (Fig. 1d, lanes 2 and 3), but not RNA phosphorothioated at the same region 
as the DNA substrates (Fig. 1d lanes 7 and 8). GAN did not cleave RNA from either the 5′ or 3′ end (lanes 4 and 
11), as previously observed23. As a control, the DNase activity of the GAN protein used for this experiment was 
shown in Fig. S3g. The nuclease activity of HAN was clearly dependent on manganese, and magnesium could 
also be used with much less efficiency. Calcium and zinc were not utilized by HAN (Supplementary Fig. S4). The 
metal-binding residue in motif I was predicted from the bacterial RecJ and GAN, and the alanine substitution 
mutant, HAN-D366A, was prepared (Fig. 1b) and used for the nuclease assay. This mutation almost completely 
inactivated HAN (Fig. 1c, lanes 5 and 10; Fig. 1d, lane 5). The loss of the exonuclease activity in HAN-D366A is 
consistent with the results of equivalent mutations in bacterial RecJ and archaeal RecJ-like proteins25,38,40,43.
Figure 1. Characterization of the nuclease activity of HAN. (a) Schematic representation of the classification 
of the Cdc45/RecJ family members. Reported exonuclease activities and their directions are shown. TkoGAN, 
PfRecJ, TaRecJ1 and RecJ2, and MjRecJ1 and RecJ2 are RecJ-like proteins in T. kodakarensis, P. furiosus,  
T. acidophilum, and M. jannaschii, respectively. (b) Purified recombinant HAN-WT (2 μg) and HAN-D366A 
(2 μg) proteins were subjected to SDS -10% PAGE followed by CBB staining. Protein size markers were run in 
lane M, and their sizes are indicated on the left of the gels. (c) Detection of the cleavage direction of HAN for 
ssDNA. HAN (WT and D366A mutant) (5 nM each) was incubated with 5′-32P-labeled 5 nM ssDNA (dA30) 
at 70 °C for 1, 2, and 5 min. The 30-nt ssDNAs with or without four successive phosphorothioate modifications 
from the 10th to 14th bases were used for the substrates and indicated as “normal” (dA30, lanes 1–5) and “S” 
(dA30ssss14, lanes 6–10), respectively. Lane 11 shows the size marker DNAs (14, 10, and 1 nt, respectively). 
(d) HAN exhibited 3′ to 5′ exonuclease activity for RNA. GAN and HAN (WT and D366A) (5 nM each) were 
incubated with 5′- or 3′-FITC-labeled 10 nM RNA at 80 °C for 0.5, 3, and 5 min. HAN cleaved RNA processively 
(lanes 2 and 3). Substrates in these assays were 5′-FITC-labeled “normal” RNA (FITCrA30, lanes 1–5), 5′-FITC-
labeled phosphorothioated (“S”) RNA (FITCrA30ssss14, lanes 6–8), and 3′-FITC-labeled RNA (rA30FITC, 
lanes 10–11). Products were subjected to 8 M urea-15% PAGE. Lane 9 shows 5′ FITC-labeled RNA (20 nt and 
14nt) and DNA (1 nt) size markers.
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Specific interactions of HAN. We previously reported the physical interactions of GAN–GINS and 
HAN–Hef, detected by SPR-analyses24,25,29. We tested whether GAN and HAN could substitute for each 
other by SPR analyses, using the highly purified GAN, GINS, HAN, and Hef (IDR) proteins. GINS bound the 
GAN-immobilized sensorchip, but Hef-IDR did not (Fig. 2a). Hef-IDR bound the HAN-immobilized sensorchip, 
but GINS did not (Fig. 2b). These results clearly showed that the interactions of GAN–GINS and HAN–Hef are 
specific, and there is no complementarity between the two RecJ-like proteins.
Co-localization of HAN and Hef in T. kodakarensis. The intracellular amounts of HAN and Hef 
in exponentially- and stationary-phase T. kodakarensis cells were measured by western blot analyses, using 
anti-HAN and anti-Hef antisera. The amounts of the HAN and Hef proteins were calculated to be 10,000–15,000 
molecules/cell (as the monomer) and 50–200 molecules/cell (as the dimer), respectively, based on a comparison 
of the band intensities from the cell extract and serial dilutions of each purified protein (Fig. 3a). The intracellular 
concentrations of HAN and Hef should be about 5 µM and 0.1 µM, respectively, in a T. kodakarensis cell, calcu-
lated from a spherical cell with a 1 μm diameter. HAN is over 10-fold more abundant than Hef and GAN25. To 
investigate whether the HAN and Hef proteins could form a complex in T. kodakarensis cells, an immunoprecipi-
tation experiment was performed. The immunocomplexes were captured with either anti-HAN or anti-Hef anti-
bodies from the whole cell extracts. The immunocomplexes were subjected to SDS-PAGE, followed by western 
blot analyses using each antibody. As shown in Fig. 3b, HAN and Hef co-precipitated with each of the antibodies, 
suggesting that HAN and Hef exist in the same complex in T. kodakarensis cells. However, the stoichiometric ratio 
of the two proteins is clearly different as described above, and therefore, many free HAN molecules should exist 
to share some other functions in the cells.
Effects of HAN and Hef on stalled fork DNA. Synthetic fork-structured DNAs were used for the nucle-
ase assays of Hef and HAN. To detect the precise cleavage site, the template strand for leading synthesis and 
the nascent leading strand were labeled with FITC at the 3′-terminus and Cy5 at the 5′-terminus, respectively 
(Supplementary Fig. S5). The splayed arm DNA (sub1) was not cleaved by Hef, as reported previously. The fork 
DNA without lagging strand synthesis (sub2) was slightly cleaved at the nascent leading strand on the template. 
However, the fork DNA with no gap at the nascent lagging strand (sub3) was clearly cleaved at the template for 
Figure 2. Specific interactions of GAN - GINS and HAN - Hef. GINS and Hef-IDR proteins were loaded on a 
GAN-bound chip (a) and a HAN-bound chip (b). The loading proteins are indicated on the sensorgrams. The 
sensorgram of GINS–GAN reported in Oyama et al.24 was also shown on panel (a) for comparison.
Figure 3. Detection of HAN and Hef and their co-localization in T. kodakarensis cells. (a) Estimation of the 
intracellular concentrations of HAN and Hef in T. kodakarensis cells. The loading amounts and detection 
conditions were depending on the activities of the antibodies. (b) Immunoprecipitation of HAN and Hef from 
the T. kodakarensis cell extract. The immunocomplexes were captured individually with each antiserum from 
the whole cell extract (as shown at the top), and were subjected to SDS-10% PAGE followed by western blot 
analyses using each antiserum (shown on the right side). The whole cell extracts without immunoprecipitation 
(Input) and those precipitated after a treatment with preimmune serum (PI) were also loaded as positive and 
negative controls, respectively. The relative loading amounts are indicated at the bottom of the panels.
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leading strand synthesis. These results confirmed that the fork-structured DNA without a lagging strand gap is a 
preferable substrate for Hef, and the single-stranded nascent DNA strand, produced by the fork regression, is not 
cleaved. Furthermore, we also confirmed that Hef cleaves the template strand for leading strand synthesis with 
the same efficiency in either the presence or absence of the ssDNA region corresponding to the nascent leading 
strand produced by fork regression (Supplementary Fig. S6).
Based on the interaction with Hef, we assumed that HAN could work at stalled fork DNA, and possibly 
cleaved the exposed-ssDNA produced by regression of the nascent leading strand. We tested the effects of HAN 
and Hef on the regressed fork DNA containing a single-stranded nascent leading strand, as shown in Fig. 4a 
(corresponding to sub3 in Supplementary Fig. S5). We incubated 100 nM HAN and 5 nM Hef (as the dimer) 
with this fluorescently-labeled regressed fork DNA with 100 mM Mg2+ and 0.1 mM Mn2+, according to their 
intracellular concentrations25. As shown in Fig. 4b, the FITC-labeled products corresponding to the Hef reaction 
were decreased in the presence of HAN, as compared to those by Hef alone. In contrast, the Cy5-labeled prod-
ucts by HAN were clearly increased in the presence of Hef, as compared with those in the absence of Hef. These 
inhibitions and stimulations were observed repeatedly, and the quantitative results are shown in Fig. 4c and d. 
When we analyzed the sites cleaved by Hef, the nicking site in the template strand for leading synthesis was the 
same in the presence and absence of HAN. The hydrolysis from the 3′-terminus of the strand corresponding to 
the nascent leading strand by HAN was stopped at 11–13 nt from the junction (Supplementary Fig. S7), which is 
longer than that of the products from the simple ssDNA (Fig. 1c and Supplementary Fig. S3), probably because 
the fork-structure sterically hindered the grasping of the single-stranded DNA region.
HAN is not essential for viability, but the disruption caused a feeble phenotype in T. kodakarensis. 
To analyze the functions of HAN in T. kodakarensis cells, we tried to disrupt the han gene on the genome, and iso-
lated the han deletion mutant strain. We previously reported the Δgan mutant, and in this study, the gan and han 
(ΔganΔhan) deletion mutant was also isolated successfully. PCR amplification of the gan and han regions from 
each mutant strain produced DNA products with the predicted size, corresponding to the lengths of the 5′ and 3′ 
flanking regions of the targeted loci without the GAN- or HAN-coding regions (Fig. 5a–c). Therefore, both GAN 
and HAN are not essential for T. kodakarensis viability, at least under the normal growth conditions employed 
for selection (growth in ASW-YT-S0 medium at 85 °C). No effect of the gan gene deletion on neighboring gene 
expressions was carefully confirmed in our previous report, because other ORFs exist in the immediate vicinities 
of the gan gene25. There are some intergenic regions both up and downstreams of the han gene. (Fig. S8a), and we 
Figure 4. Mutual regulation of the nuclease activities of Hef and HAN. (a) The structure of the substrate is 
shown with the sites labeled by FITC and Cy5. The site cleaved by Hef is indicated by arrowhead. (b) The effects 
of HAN and Hef on each other on the fork-structured DNA. Hef (5 nM as the dimer) and HAN (100 nM) were 
incubated with 50 nM of each substrate at 50 °C for 2, 5, 10, 20, and 30 min. The reaction products were analyzed 
by 8 M urea-15% PAGE. The band assignments are indicated on the side of the panel: s, substrates; p, cleaved 
products by HAN (p-HAN, Cy5-labeled DNA) and Hef (p-Hef, FITC-labeled DNA). (c) Quantification of Hef 
nuclease activity in the presence or absence of HAN. The FITC-labeled cleavage products generated by Hef 
in panel b were quantified and represented as percentage of the total amount of substrate DNA. The SEM was 
calculated from three independent experiments. (d) Quantification of HAN nuclease activity in the presence or 
absence of Hef. The Cy5-labeled products generated by HAN in panel b were quantified and plotted. The SEM 
was calculated from three independent experiments.
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predicted no effect of the deletion of just the coding region of HAN on the vicinities in this study. We measured 
the growth properties of the mutants in ASW-YT-Pr medium at 85 °C, and detected a slight growth defect of 
Δhan as compared with the parental strain, KUW1, and the growth-plateau of Δhan seemed to be lower than 
those of KUW1 and Δgan. We also found that the ΔganΔhan mutant cells did not grow in ASW-YT-Pr medium 
Figure 5. Disruption of the han gene slightly affect the growth of T. kodakarensis. (a,b) Schematic map of 
the gene organizations at the gan (a) and han (b) loci in the T. kodakarensis genome. (c) The confirmation of 
the gene disruptions and revertants by PCR analyses of the gan and han loci. T. kodakarensis parental strain 
(KUW1), Δgan, Δhan, ΔganΔhan, Δhan::han-D364A/D366A, and Δgan::han-D364A/D366A strains are 
indicated at the top of the panel as a, b, c, d, e, and f, respectively. The length of the amplified fragments expected 
either before or after recombination are 3400 bp (lanes 1, 3, and 5) or 1989 bp (lanes 2, 4, and 6) for the 5′ and 
3′ flanking regions of the gan locus by using the fgan-F/R primer set, 1452 bp (lanes 7, 9, and 11) or 0 bp (lanes 
8, 10, and 12) for the coding regions of the gan locus by using the gan-F/R primer set, respectively, and 4194 bp 
(lanes 14, 15, 18, and 19) or 1968 bp (lanes 16 and 17) for the 5′ and 3′ flanking regions of the han locus by using 
the fhan-F/R primer set, 2243 bp (lanes 20, 21, 24, and 25) or 0 bp (lanes 22 and 23) for the coding regions of the 
han locus by using the han-F/R primer set, respectively. DNA size markers were run in lane 13, and their sizes 
(kb) are indicated on the right of the panel. (d) Growth properties of the T. kodakarensis mutant strains in ASW-
YT-Pr at 85 °C. Symbols are indicated at the bottom of the panel. Growth was monitored by turbidity at 660 nm 
(OD660). Each strain was examined at least thrice, and error bars represent SEM.
www.nature.com/scientificreports/
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at 85 °C (Fig. 5b). The effect of the cell morphology on turbidity of the cell culture was checked by microscopic 
observations of the growing cells with different conditions. The cells were always observed as a typical cocci 
after growing at 93 °C or irradiated by 100 and 500 J/m2 of UV, and were not different from the cells grown in 
the normal cultivation condition. The growth defects described above were reproducibly observed more than 
three times, with three independently isolated strains. The Δgan, Δhan, and ΔganΔhan mutants, as well as the 
parental KUW1 cells, grew normally in ASW-YT-Pr medium at 70 °C (Supplementary Fig. S8). We tested whether 
the growth defects of Δhan and ΔganΔhan are derived from the loss of the HAN nuclease activity, by insert-
ing the nuclease-deficient han gene (han-D364A/D366A) into the Δhan and Δgan strains, Δhan::han-D364A/
D366A and Δgan::han-D364A/D366A. The growth of the Δhan::han-D364A/D366A cells did not recover to that 
of KUW1, and the Δgan::han-D364A/D366A cells showed additional growth defects as compared with those of 
Δgan (Fig. 5b). These observations indicate that the nuclease activity of HAN is important for its functions in the 
T. kodakarensis cells. However, Δgan::han-D364A/D366A did not show the severe temperature-sensitive pheno-
type at 85 °C, in contrast to the ΔganΔhan cells, suggesting that HAN functions not only as a nuclease but also as 
an important component for survival at high temperature.
Damage sensitivity of the Δhan mutant. Since our previous analyses showed that the Δhef mutant was 
highly sensitive to MMC, Hef may perform a critical function in stalled fork repair, especially those caused by 
ICLs32. We examined whether the Δhan cells displayed increased sensitivity to DNA damaging agents, as HAN 
may function with Hef in a DNA repair pathway. We monitored how the deletion of the han gene impacted the 
cell viability after DNA-damaging treatments, by a drop dilution assay (Fig. 6a). Under normal conditions without 
any DNA-damaging treatment, the Δhan mutant cells exhibited growth comparable to the parental KUW1 and 
the Δhef mutant. To investigate the effects of damage induction on the growth of the Δhan and Δhef mutants, 
their viabilities were compared at a higher temperature (93 °C), in the presence of MMC, and after UV irradi-
ation. The growth defect of the Δhef cells under these damage-inducing conditions was remarkable. The Δhef 
cells could not form colonies upon cultivation at 93 °C for 24 h, as observed for the Δgan cells previously25. The 
sensitivity of the Δhan cells to the high temperature increased slightly as compared with the parental KUW1 
cells (Fig. 6a), and the viability was quantified by counting the survival rates of the cells (Fig. 6b). The Δhef cells 
showed high sensitivity for MMC, as previously reported in T. kodakarensis and H. volcanii32,44. The Δhan cells 
also showed some sensitivity to MMC, but less as compared to the Δhef cells (Fig. 6a,b). We further examined the 
UV-sensitivity of the Δhan mutant. The Δhef cells showed high sensitivity to 5 J/m2 of UV irradiation, consistent 
with our previous observation. However, the Δhan cells were obviously more resistant to this dose of UV irradi-
ation, although they were slightly more sensitive than the parental KUW1 cells (Fig. 6a,b). This sensitivity of the 
Δhan cells was in the limits of error at higher doses (8, 11 J/m2) of UV irradiation, and the mean sensitivities of 
the parental strain and the Δhan cells were about the same (Fig. 6c).
Discussion
We have demonstrated that T. kodakarensis HAN, the second RecJ-family protein, actually possesses 3′ to 5′ 
exonuclease activity for ssDNA and RNA, in contrast to bacterial RecJ, a 5′ to 3′ exonuclease. The GAN protein, 
identified as the first RecJ-like protein in T. kodakarensis, has 5′ to 3′ exonuclease activity that is stimulated by 
GINS, a component of the replicative helicase complex. We reported recently that the GAN nuclease lacks activity 
in vitro in the presence of 100 mM Mg2+ and 0.1 mM Mn2+, which are the intracellular concentrations in T. kod-
akarensis cells. In addition, the growth defect of the Δgan mutant cells was complemented by the introduction 
Figure 6. Sensitivities of the Δhan mutant to DNA-damaging treatments. (a) Drop dilution assays for the 
sensitivities of parental strain (KUW1), Δhan, and Δhef cells to 93 °C, MMC, and UV-C. The serially diluted 
T. kodakarensis cells (5 × 105, 5 × 104, 5 × 103, 5 × 102, 5 × 101, and 5 × 100 cells from left to right) were spotted 
on the plates before the treatment, as described in the Materials and Methods. The plates were then incubated 
anaerobically at 85 °C [“No damage”, “MMC”, and “UV (5 J/m2)”] and 93 °C (“93 °C”). (b) Quantifications of the 
rates of surviving colonies from (a) were plotted from more than nine independent experiments using Kaleida 
Graph 4.5 (Synergy Software). The value of each bar depicts a mean determined from calculated plots. (c) The 
survival fraction curves (treated with 5, 8, and 11 J/m2 UV-C dose) of different strains were plotted. Each strain 
was examined at least thrice, and error bars represent SEM. Only the plus error bars are indicated for the Δhef 
strain. Symbols are indicated on the top of the panels.
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of the nuclease-deficient mutant gan gene. From these results, we proposed that GAN works as a component of 
the replicative helicase and fulfills a structural role, similar to the case of eukaryotic Cdc45 in the CMG com-
plex, even though GAN clearly has 5′ to 3′ exonuclease activity in vitro23–25. In contrast to GAN, in this study we 
showed that HAN possesses 3′ to 5′ exonuclease activity under conditions with 100 mM Mg2+ and 0.1 mM Mn2+. 
Furthermore, the nuclease-deficient mutant han gene did not fully recover the temperature-sensitive phenotype 
of the ΔganΔhan mutant cells. Therefore, the 3′ to 5′ exonuclease activity is actually important for HAN to func-
tion in T. kodakarensis cells.
HAN specifically interacts with Hef, which is probably involved in stalled replication fork repair, and there-
fore, the functional relationships between the two proteins have been predicted. We showed here that the 3′ to 5′ 
exonuclease activity of HAN was stimulated and the endonuclease activity of Hef was inhibited in the presence of 
both proteins in vitro. Based on these results, we propose a model in which Hef and HAN cooperatively work at 
the stalled replication fork (Fig. 7). The basic properties of Hef revealed that the endonuclease, which cleaves the 
junction of fork-structured DNA at the strand corresponding to the template for leading synthesis, does not work 
for a fork-structure containing a single-stranded gap on the lagging side (which happens when the lagging strand 
synthesis stops ahead and only leading strand synthesis proceeds). In this case, the helicase activity of Hef can 
unwind the nascent leading strand to promote the fork regression. The helicase domain and the nuclease domain 
are clearly separated and connected by an IDR in the Hef protein (schematically drawn in Fig. 7). Due to steric 
hindrance, these two domains cannot simultaneously access the junction site of the fork DNA. We predict that the 
HAN-bound Hef accesses the fork junction predominantly with the helicase domain. Then, the nascent leading 
strand is dissociated from the template to become a single strand with an exposed 3′-terminus, which is a prefer-
able substrate for HAN. When the fork structured DNA is converted to the gap-less form in the lagging strand, 
the domain exchange from helicase to nuclease occurs. In the case of the stalled fork with a single-strand gap 
in the leading strand, the nuclease domain binds to the junction and cleaves the template DNA, as we observed 
previously. Notably, HAN may serve to determine which domain (helicase or nuclease) in Hef preferentially binds 
the stalled fork junction.
The effects of the han deletion mutation on the growth of T. kodakarensis cells were not serious under the nor-
mal growth conditions. Some 3′ to 5′ exonuclease activities derived from other proteins, such as DNA polymerase 
B and D11, and Exonuclease I45, may function as substitutes in the absence of HAN. However, the GAN and HAN 
double mutant (ΔganΔhan) exhibited a temperature-sensitive phenotype at 85 °C. We previously reported that 
the Δgan mutant showed a temperature-sensitive phenotype at 93 °C, but was normal at 85 °C25. We assume that 
the replicative helicase complex without GAN becomes unstable for sufficient progression at higher temperatures, 
and the replication fork tends to stop, as compared with the wild type. In this situation, the effect of the HAN 
deficiency becomes higher in the ΔganΔhan mutant. We performed a targeted insertion of the nuclease-defective 
han gene (han-D364A/D366A) into the Δgan strain. However, the han-D364A/D366A gene did not fully comple-
ment the temperature-sensitivity of the ΔganΔhan mutant, in contrast to the case of GAN, in which the growth 
defects of the Δgan strain were fully recovered by the introduction of the nuclease-deficient gan gene (gan-D34A/
D36A) into the genome25. These results indicate that HAN works as a nuclease in T. kodakarensis cells, in contrast 
to GAN, which probably lacks nuclease activity in the cells. The partial complementation of the growth defect of 
the ΔganΔhan mutant by the nuclease-deficient HAN may be due to the fact that HAN maintains the function 
Figure 7. Proposed model of the cooperative function of HAN and Hef for stalled fork restart. The helicase 
and nuclease domains of Hef are drawn separately (for simplicity, Hef is drawn as monomer here). HAN 
works especially at the arrested fork by the delay of lagging strand synthesis (a), for which the helicase domain 
preferentially binds and unwinds the nascent leading strand to induce fork regression. In this case, HAN binds 
to the ID region of Hef. For the fork arrested by the delay of leading strand synthesis (b), the nuclease domain of 
Hef binds the fork junction and breaks the fork. See the text for more details.
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to select the helicase domain in Hef to bind the stalled fork DNA, even though its nuclease active site is disrupted. 
There are 50–300 times more HAN molecules than Hef in T. kodakarensis cells, and it is possible that HAN plays 
another role independently from Hef. HAN works on both RNA and DNA, and it may also be involved in RNA 
metabolism. Screening for additional interacting partners of HAN in T. kodakarensis cells will be useful to clarify 
this issue.
Hef was originally identified in P. furiosus, which belongs to the euryarchaeal phylum in Archaea. The phy-
logenetic relationships of the RecJ family proteins revealed that the HAN family is separated from other groups, 
including archaeal GAN-like proteins, eukaryotic Cdc45s, and bacterial RecJs (Fig. 1a). Interestingly, the HAN 
family is conserved only in Euryarchaeota that have the Hef protein29 (Supplementary Fig. S2). These distribu-
tions support the cooperative functions of Hef and HAN in a euryarchaeal-specific repair pathway. Given their 
specific habitat, the euryarchaeal organisms may have developed a unique repair pathway with HAN and Hef for 
maintaining their genetic information. The homologous recombination process could follow the Hef-mediated 
fork disruption. Polyploidy may be a common trait of euryarchaeal cells46, and the copy number of chromosomal 
DNA in T. kodakarensis is 7–19 copies per cell47. The multiple copies of DNA would be advantageous for efficient 
homologous recombinational repair in euryarchaeal cells.
The domain organizations are clearly different between the GAN and HAN proteins. This difference is prob-
ably related to the specific properties of each protein. For example, the cleavage activity of GAN works only for 
ssDNA, starting from the 5′-end and proceeding to the 3′-end of the DNA strand. In contrast, HAN works on 
both ssDNA and RNA, and the cleavage starts from the 3′-end and stops at about <10 nt from the 5′-end. HAN 
probably needs to grasp about 10 nucleotides of the DNA strand to express its nuclease activity. The DnaJ-like 
ZF domain and two OB-fold domains (OB1 and OB2), found in the N-terminal region, are unique features of 
the HAN protein, although some of them lack ZF (Supplementary Fig. S2). These domains probably work for the 
DNA binding and confer the specificity. The structures and functions of the GAN family are more complicated. 
The domain organizations of the proteins in this family are unified, as shown in Supplementary Fig. S1. However, 
some are not associated with GINS (therefore, they are actually not GAN). RecJ1 from T. acidophilum has 5′ to 
3′ exonuclease activity, but it is not associated with GINS, whereas RecJ2 has 3′ to 5′ exonuclease activity that is 
clearly stimulated by GINS. RecJ1 from Methanocaldococcus jannaschii has 5′ to 3′ exonuclease activity, and the 
recJ1 gene can complement the UV sensitivity of E. coli recJ mutant cells37. It is not known whether M. jannaschii 
RecJ1 interacts with GINS. RecJ2 from this organism has 3′ to 5′ exonuclease activity, but it does not interact 
with GINS. The RecJ-like protein from P. furiosus (PfRecJ) reportedly showed other different properties. PfRecJ 
interacts with GINS, and its 5′ to 3′ exonuclease is stimulated by GINS. However, it also has 3′ to 5′ exonuclease 
activity for RNA, which is not stimulated by GINS. The authors of this report proposed that PfRecJ functions 
for the proof-reading of the primers generated by primase mistakes38. Considering these results, it is difficult at 
present to propose a unified vision of the properties of the GAN family proteins in Archaea.
Studies of RecJ family proteins are becoming more popular. We have presented the properties of the 
euryarchaeal-specific HAN protein. It is interesting that two RecJ family proteins, GAN and HAN, may function 
in progression and repair, respectively, for the replication fork in T. kodakarensis. Further studies are necessary to 
understand the functions of the variously evolved RecJ family proteins.
Methods
Site-specific mutagenesis. To construct the pET-21a(+) (Novagen)-based expression plasmid for HAN-
D366A and the plasmid to replace the native han gene with han-D364A/D366A, PCR-mediated mutagenesis was 
performed with a QuikChangeTM site-directed mutagenesis kit (Agilent Technologies). The templates were pET-
HAN [the gene encoding TkoHAN inserted into the NdeI-NotI sites of the expression plasmid pET-21a(+)]29 and 
pUD3-HAN (described below). The designed mutations were confirmed by nucleotide sequencing. The primers 
used for each mutagenesis are listed in Supplementary Table S1.
Recombinant protein purification. The recombinant HAN (TK_RS00760) and Hef (TK_RS05025) 
(full-length and His-tagged IDR proteins) were prepared according to the procedures described in our previous 
reports29,32. HAN-D366A was prepared in the same manner as the wild-type protein.
Nuclease assay. [γ-32P] ATP was purchased from Perkin Elmer. The sequences of the unlabeled and fluores-
cently labeled oligonucleotides are listed in Supplementary Table S2. Some oligonucleotides were labeled at the 5′ 
termini with [γ-32P] ATP by T4 polynucleotide kinase (New England Biolabs). Oligonucleotides used as the DNA 
substrates were obtained from Hokkaido System Science and Sigma-Aldrich. The combinations of oligonucleo-
tides used as the substrates are shown in Supplementary Table S3. The oligonucleotides were annealed in 20 mM 
Bis–Tris, pH 7.0, and 50 mM NaCl. The nuclease reaction of HAN was performed in mixtures (20 µl), containing 
25 mM Bis–Tris, pH 7.0, 125 µg/ml BSA, 5 mM DTT, 1 mM MnCl2, and 32P- or FITC-labeled DNA substrates. 
The nuclease reactions of Hef and HAN-Hef were performed in mixtures (20 µl), containing 25 mM Bis–Tris, 
pH 7.0, 50 mM KCl, 5 mM DTT, 100 mM MgCl2, 0.1 mM MnCl2, and Cy5- or FITC-labeled DNA substrates. The 
reaction mixture was pre-incubated for 3 min without metal ions. The reaction was started by adding metal ions 
and terminated by adding 5 µl of stop solution A (12.5% Ficoll, 100 mM EDTA, 0.05% bromophenol blue, and 
0.05% xylene cyanol) for native polyacrylamide gel electrophoresis (PAGE), or adding an equal volume of stop 
solution B (98% formamide, 10 mM EDTA, 0.01% bromophenol blue, and 0.01% xylene cyanol) for denaturing 
PAGE, and immediately transferred onto ice. The gel images were visualized by using a Typhoon Trio+ (GE 
Healthcare) image analyzer. Further modifications of the reaction and PAGE conditions are described in their 
respective sections.
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Surface plasmon resonance (SPR) analysis. The Biacore J system (GE Healthcare) was used to exam-
ine the physical interactions of HAN–GINS, HAN–Hef (IDR), GAN–GINS, and GAN–Hef (IDR). Either HAN 
or GAN was fixed on a CM5 sensor Chip (GE Healthcare), according to the manufacturer’s recommendations. 
The solutions containing purified 2 µM GINS (as the tetramer) and 1 µM Hef-IDR proteins, in running buffer 
(10 mM HEPES–NaOH, pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.2% Tween 20), were applied for 120 s to the 
protein-immobilized chips, at a flow rate of 30 μl/min at 25 °C. The bound analytes were removed by regeneration 
buffer (10 mM HEPES–NaOH, pH 7.5, 1 M NaCl, and 0.2% Tween 20) at the end of each cycle.
Strains and culture conditions. T. kodakarensis KUW1 (ΔpyrF, ΔtrpE)48 was used as the parental host 
strain for mutant construction. T. kodakarensis cells were cultivated under anaerobic conditions at 85 °C or 
93 °C, in either nutrient-rich medium (ASW-YT or MA-YT) or synthetic medium (ASW-AA), in basically the 
same manner as previously described49–51. ASW-YT medium was composed of 0.8 × artificial seawater, 5.0 g/l 
yeast extract (Difco), and 5.0 g/l tryptone (Difco), supplemented with sodium pyruvate (5.0 g/l) or elemental 
sulfur (5.0 g/l) (ASW-YT-Pr or ASW-YT-S0, respectively). For large-scale cultivation, 30.2 g/l artificial sea salts 
(Marine Art SF; Tomita Pharmaceutical, Naruto, Japan) were used instead of ASW (MA-YT-Pr). The minimal 
ASW-AA medium, which supported the growth of strain KUW1, and the solid medium were prepared as previ-
ously described49,50. To select transformants with 5-FOA resistance, 10 g/l 5-fluoroorotic acid (5-FOA) and 60 mM 
NaOH were added to the solid medium.
Immunoprecipitation assay. T. kodakarensis KOD1 cells were cultured in 2 liters of MA-YT-Pr medium 
at 85 °C, and harvested at the late exponential phase by centrifugation for 10 min at 5,000 × g. The cells (9.1 × 1011 
cells) were resuspended in 45.5 ml of 50 mM Bis–Tris buffer, pH 7.0, to a final concentration of 2 × 1010 cells/ml, 
and were disrupted by sonication. The cell extracts were obtained by centrifugation for 10 min at 23,000 × g. 
Polyclonal anti-HAN and anti-Hef antisera were raised independently, by immunizing rabbits with the purified 
recombinant proteins as antigens. A 20 µl portion of rProtein A Sepharose FF (GE Healthcare) was washed three 
times with phosphate buffered saline-Tween 20 (PBS-T: 10 mM sodium phosphate, pH 7.5, 150 mM NaCl, 0.1% 
Tween 20), mixed with 500 µl PBS-T containing 100 µl of each antiserum, and incubated on a rotating wheel 
at room temperature for 1 h. Each mixture was washed three times with 500 µl of 0.2 M triethanolamine, pH 
8.0. Each antibody was cross-linked to the rProtein A Sepharose with 10 mM dimethyl sulfide (Thermo Fisher 
Scientific), according to the manufacturer’s protocol. After equilibration of the antibody-conjugated rProtein A 
Sepharose with 50 mM Bis–Tris, pH 7.0, a 7.5 ml aliquot of the cell extract was added. The mixture was incubated 
on a rotating wheel at room temperature for 1 h. The precipitates were washed three times with 50 mM Bis–Tris, 
pH 7.0, and the immunoprecipitated proteins were eluted with 75 µl of gel-loading solution, containing 50 mM 
Tris–HCl, pH 6.8, 10% glycerol, 5% β-mercaptoethanol, 0.2% bromophenol blue, and 2% SDS. The eluted proteins 
were separated by SDS-PAGE and analyzed by western blotting.
Western blot analysis. The proteins on the gel were electroblotted onto a polyvinylidene difluoride (PVDF) 
membrane (Bio-Rad) using a Trans-Blot Turbo Transfer System (Bio-Rad), and reacted with the anti-HAN and 
anti-Hef antisera, prepared with each recombinant protein. Anti-Rabbit IgG HRP (Rabbit TrueBlot, Rockland 
Immunochemicals, Inc.) was used as the secondary antibody. The proteins were visualized by an enhanced 
chemiluminescence system (Millipore), and images were obtained and quantified with an LAS-3000 image ana-
lyzer (Fujifilm).
Construction of the T. kodakarensis Δhan, ΔganΔhan, Δhan::han-D364A/D366A, and 
Δgan::han-D364A/D366A strains. The gan gene, along with 1,000 bp of its 5′- and 3′-flanking regions, 
was amplified from T. kodakarensis genomic DNA, using the primer sets fhan-F/R (Supplementary Table S4). 
The PCR fragment was inserted into pUD352 after digestion with BamHI and EcoRI, and the resultant plas-
mid was designated as pUD3-HAN. An inverse PCR to remove the gan-encoding region was performed, using 
the dhan-F/R primer set, and the amplified fragment was self-ligated (pUD3-ΔHAN). The sequences of the 
5′- and 3′-flanking regions were confirmed. The transformation was performed as described previously52. The 
ΔhanΔgan strains were obtained by transforming the Δhan cells with pUD3-ΔGAN25. The genotypes of the 
isolated transformants were analyzed by PCR, using han-F/R and fhan-F/R, and the gan gene locus of the candi-
date strains was sequenced to confirm the gene disruption. The plasmid bearing the gene encoding HAN-D364A/
D366A (pUD3-HAN-D364A/D366A) was prepared by site-specific mutagenesis. The Δhan and Δgan strains 
were transformed with pUD3-HAN-D364A/D366A, and the strains harboring the nuclease-deficient han gene 
were isolated in the same manner, and designated as Δhan::han-D364A/D366A and Δgan::han-D364A/D366A, 
respectively.
Growth measurements. The growth characteristics of the T. kodakarensis strains KUW1, Δgan, Δhan, 
ΔganΔhan, Δhan::han-D364A/D366A, and Δgan::han-D364A/D366A were measured, as follows. Each strain 
was precultured in ASW-YT-Pr medium at 85 °C (except ΔganΔhan) or 70 °C (ΔganΔhan) for 6–12 h, until the 
culture attained an OD660 of 0.2–0.3. After preculturing, the cells were inoculated into 15 ml of ASW-YT-Pr to 
produce an OD660 of 0.01, and cultured at 85 and 70 °C in glass test tubes. Cell densities were measured at appro-
priate intervals at 660 nm (OD660), with a Novaspec II spectrophotometer (Pharmacia Biotech). Each strain was 
analyzed in duplicate, and the measurements were performed three times independently.
Drop dilution assay. The T. kodakarensis KUW1, Δhan, and Δhef strains were cultivated anaerobically 
at 85 °C for 12 h, in ASW-YT-Pr medium. The cultures (5 × 108 cells/ml) were serially diluted ten-fold with 
0.8 × ASW. The diluted cultures were spotted on ASW-YT plates, and some of them were irradiated with an 
acrylic-filtered UV lamp (Kenis) (wavelength 254 nm, 5, 8, and 11 J/m2, calculated by an ATV-3W UV counter, 
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ATTO). For exposure to MMC, the cells in 1 ml of culture were collected by centrifugation and resuspended in 
100 µl of 0.8 × ASW, and mitomycin C (MMC) (100 µg/ml) was added. The cells were incubated at room temper-
ature for 200 min, and then serial dilutions were spotted on ASW-YT plates. The plates were incubated anaer-
obically at 85 °C or 93 °C for 24 h, and the living cells were counted and visualized by staining with Coomassie 
Brilliant Blue (CBB), after transfer to a PVDF membrane, as described previously53. Experiments were performed 
in duplicate each time, and repeated three times independently.
Data availability. No datasets were generated or analyzed during the current study.
References
 1. Ilves, I., Petojevic, T., Pesavento, J. J. & Botchan, M. R. Activation of the MCM2-7 helicase by association with Cdc45 and GINS 
proteins. Mol Cell 37, 247–258, https://doi.org/10.1016/j.molcel.2009.12.030 (2010).
 2. Costa, A. et al. The structural basis for MCM2-7 helicase activation by GINS and Cdc45. Nat Struct Mol Biol 18, 471–477, https://
doi.org/10.1038/nsmb.2004 (2011).
 3. Costa, A. et al. DNA binding polarity, dimerization, and ATPase ring remodeling in the CMG helicase of the eukaryotic replisome. 
Elife 3, e03273, https://doi.org/10.7554/eLife.03273 (2014).
 4. Sun, J. et al. The architecture of a eukaryotic replisome. Nat Struct Mol Biol 22, 976–982, https://doi.org/10.1038/nsmb.3113 (2015).
 5. Li, N. et al. Structure of the eukaryotic MCM complex at 3.8 Å. Nature 524, 186–191, https://doi.org/10.1038/nature14685 (2015).
 6. Abid Ali, F. et al. Cryo-EM structures of the eukaryotic replicative helicase bound to a translocation substrate. Nat Commun 7, 
10708, https://doi.org/10.1038/ncomms10708 (2016).
 7. Yuan, Z. et al. Structure of the eukaryotic replicative CMG helicase suggests a pumpjack motion for translocation. Nat Struct Mol 
Biol 23, 217–224, https://doi.org/10.1038/nsmb.3170 (2016).
 8. Georgescu, R. et al. Structure of eukaryotic CMG helicase at a replication fork and implications to replisome architecture and origin 
initiation. Proc Natl Acad Sci USA 114, E697–E706, https://doi.org/10.1073/pnas.1620500114 (2017).
 9. Olsen, G. J. & Woese, C. R. Archaeal genomics: an overview. Cell 89, 991–994 (1997).
 10. Kelman, L. M. & Kelman, Z. Archaeal DNA replication. Annu Rev Genet 48, 71–97, https://doi.org/10.1146/annurev-
genet-120213-092148 (2014).
 11. Ishino, Y. & Ishino, S. Rapid progress of DNA replication studies in Archaea, the third domain of life. Sci China Life Sci 55, 386–403, 
https://doi.org/10.1007/s11427-012-4324-9 (2012).
 12. Sakakibara, N., Kelman, L. M. & Kelman, Z. Unwinding the structure and function of the archaeal MCM helicase. Mol Microbiol 72, 
286–296, https://doi.org/10.1111/j.1365-2958.2009.06663.x (2009).
 13. Yoshimochi, T., Fujikane, R., Kawanami, M., Matsunaga, F. & Ishino, Y. The GINS complex from Pyrococcus furiosus stimulates the 
MCM helicase activity. J Biol Chem 283, 1601–1609, https://doi.org/10.1074/jbc.M707654200 (2008).
 14. Ishino, S. et al. Biochemical and genetical analyses of the three mcm genes from the hyperthermophilic archaeon. Thermococcus 
kodakarensis. Genes Cells 16, 1176–1189, https://doi.org/10.1111/j.1365-2443.2011.01562.x (2011).
 15. Ogino, H. et al. Activation of the MCM helicase from the thermophilic archaeon, Thermoplasma acidophilum by interactions with 
GINS and Cdc6-2. Extremophiles 18, 915–924, https://doi.org/10.1007/s00792-014-0673-6 (2014).
 16. Goswami, K., Arora, J. & Saha, S. Characterization of the MCM homohexamer from the thermoacidophilic euryarchaeon 
Picrophilus torridus. Sci Rep 5, 9057, https://doi.org/10.1038/srep09057 (2015).
 17. Lang, S. & Huang, L. The Sulfolobus solfataricus GINS complex stimulates DNA binding and processive DNA unwinding by 
minichromosome maintenance helicase. J Bacteriol 197, 3409–3420, https://doi.org/10.1128/JB.00496-15 (2015).
 18. Sanchez-Pulido, L. & Ponting, C. P. Cdc45: the missing RecJ ortholog in eukaryotes? Bioinformatics 27, 1885–1888, https://doi.
org/10.1093/bioinformatics/btr332 (2011).
 19. Makarova, K. S., Koonin, E. V. & Kelman, Z. The CMG (CDC45/RecJ, MCM, GINS) complex is a conserved component of the DNA 
replication system in all archaea and eukaryotes. Biol Direct 7, 7, https://doi.org/10.1186/1745-6150-7-7 (2012).
 20. Persky, N. S. & Lovett, S. T. Mechanisms of recombination: lessons from E. coli. Crit Rev Biochem Mol Biol 43, 347–370, https://doi.
org/10.1080/10409230802485358 (2008).
 21. Dianov, G. & Lindahl, T. Reconstitution of the DNA base excision-repair pathway. Curr Biol 4, 1069–1076 (1994).
 22. Burdett, V., Baitinger, C., Viswanathan, M., Lovett, S. T. & Modrich, P. In vivo requirement for RecJ, ExoVII, ExoI, and ExoX in 
methyl-directed mismatch repair. Proc Natl Acad Sci USA 98, 6765–6770, https://doi.org/10.1073/pnas.121183298 (2001).
 23. Li, Z. et al. A novel DNA nuclease is stimulated by association with the GINS complex. Nucleic Acids Res 39, 6114–6123, https://doi.
org/10.1093/nar/gkr181 (2011).
 24. Oyama, T. et al. Atomic structure of an archaeal GAN suggests its dual roles as an exonuclease in DNA repair and a CMG component 
in DNA replication. Nucleic Acids Res 44, 9505–9517, https://doi.org/10.1093/nar/gkw789 (2016).
 25. Nagata, M. et al. The Cdc45/RecJ-like protein forms a complex with GINS and MCM, and is important for DNA replication in 
Thermococcus kodakarensis. Nucleic Acids Res, 45, 10693–10705, https://doi.org/10.1093/nar/gkx740 (2017).
 26. Xu, Y. et al. Archaeal orthologs of Cdc45 and GINS form a stable complex that stimulates the helicase activity of MCM. Proc Natl 
Acad Sci USA 113, 13390–13395, https://doi.org/10.1073/pnas.1613825113 (2016).
 27. Marinsek, N. et al. GINS, a central nexus in the archaeal DNA replication fork. EMBO Rep 7, 539–545, https://doi.org/10.1038/
sj.embor.7400649 (2006).
 28. Ogino, H., Ishino, S., Kohda, D. & Ishino, Y. The RecJ2 protein in the thermophilic archaeon Thermoplasma acidophilum is a 3′-5′ 
exonuclease that associates with a DNA replication complex. J Biol Chem 292, 7921–7931, https://doi.org/10.1074/jbc.M116.767921 
(2017).
 29. Ishino, S. et al. Multiple interactions of the intrinsically disordered region between the helicase and nuclease domains of the archaeal 
Hef protein. J Biol Chem 289, 21627–21639, https://doi.org/10.1074/jbc.M114.554998 (2014).
 30. Komori, K. et al. Cooperation of the N-terminal helicase and C-terminal endonuclease activities of Archaeal Hef protein in 
processing stalled replication forks. J Biol Chem 279, 53175–53185, https://doi.org/10.1074/jbc.M409243200 (2004).
 31. Komori, K., Fujikane, R., Shinagawa, H. & Ishino, Y. Novel endonuclease in Archaea cleaving DNA with various branched structure. 
Genes Genet Syst 77, 227–241, https://doi.org/10.1266/ggs.77.227 (2002).
 32. Fujikane, R., Ishino, S., Ishino, Y. & Forterre, P. Genetic analysis of DNA repair in the hyperthermophilic archaeon. Thermococcus 
kodakaraensis. Genes Genet Syst 85, 243–257 (2010).
 33. Lestini, R., Duan, Z. & Allers, T. The archaeal Xpf/Mus81/FANCM homolog Hef and the Holliday junction resolvase Hjc define 
alternative pathways that are essential for cell viability in Haloferax volcanii. DNA Repair (Amst) 9, 994–1002, https://doi.
org/10.1016/j.dnarep.2010.06.012 (2010).
 34. Lestini, R. et al. Intracellular dynamics of archaeal FANCM homologue Hef in response to halted DNA replication. Nucleic Acids Res 
41, 10358–10370, https://doi.org/10.1093/nar/gkt816 (2013).
 35. Mosedale, G. et al. The vertebrate Hef ortholog is a component of the Fanconi anemia tumor-suppressor pathway. Nat Struct Mol 
Biol 12, 763–771, https://doi.org/10.1038/nsmb981 (2005).
www.nature.com/scientificreports/
1 2SCIEntIFIC REPORTS | 7: 16949  | DOI:10.1038/s41598-017-17306-0
 36. Meetei, A. R. et al. A human ortholog of archaeal DNA repair protein Hef is defective in Fanconi anemia complementation group 
M. Nat Genet 37, 958–963, https://doi.org/10.1038/ng1626 (2005).
 37. Rajman, L. A. & Lovett, S. T. A thermostable single-strand DNase from Methanococcus jannaschii related to the RecJ recombination 
and repair exonuclease from Escherichia coli. J Bacteriol 182, 607–612 (2000).
 38. Yuan, H. et al. RecJ-like protein from Pyrococcus furiosus has 3′-5′ exonuclease activity on RNA: implications for proofreading of 
3′-mismatched RNA primers in DNA replication. Nucleic Acids Res 41, 5817–5826, https://doi.org/10.1093/nar/gkt275 (2013).
 39. Yi, G. S. et al. Two Archaeal RecJ nucleases from Methanocaldococcus jannaschii show reverse hydrolysis polarity: implication to 
their unique function in Archaea. Genes 8, 211, https://doi.org/10.3390/genes8090211 (2017).
 40. Sutera, V. A. Jr., Han, E. S., Rajman, L. A. & Lovett, S. T. Mutational analysis of the RecJ exonuclease of Escherichia coli: identification 
of phosphoesterase motifs. J Bacteriol 181, 6098–6102 (1999).
 41. Wakamatsu, T. et al. Structure of RecJ exonuclease defines its specificity for single-stranded DNA. J Biol Chem 285, 9762–9769, 
https://doi.org/10.1074/jbc.M109.096487 (2010).
 42. Yamagata, A., Kakuta, Y., Masui, R. & Fukuyama, K. The crystal structure of exonuclease RecJ bound to Mn2+ ion suggests how its 
characteristic motifs are involved in exonuclease activity. Proc Natl Acad Sci USA 99, 5908–5912, https://doi.org/10.1073/
pnas.092547099 (2002).
 43. Cheng, K. et al. Structural basis for DNA 5′-end resection by RecJ. Elife 5, e14294, https://doi.org/10.7554/eLife.14294 (2016).
 44. Giroux, X. & MacNeill, S. A. A novel archaeal DNA repair factor that acts with the UvrABC system to repair mitomycin C-induced 
DNA damage in a PCNA-dependent manner. Mol Microbiol 99, 1–14, https://doi.org/10.1111/mmi.13210 (2016).
 45. Tori, K., Ishino, S., Kiyonari, S., Tahara, S. & Ishino, Y. A novel single-strand specific 3′-5′ exonuclease found in the 
hyperthermophilic archaeon. Pyrococcus furiosus. PLoS One 8, e58497, https://doi.org/10.1371/journal.pone.0058497 (2013).
 46. Hildenbrand, C., Stock, T., Lange, C., Rother, M. & Soppa, J. Genome copy numbers and gene conversion in methanogenic archaea. 
J Bacteriol 193, 734–743, https://doi.org/10.1128/JB.01016-10 (2011).
 47. Spaans, S. K., van der Oost, J. & Kengen, S. W. The chromosome copy number of the hyperthermophilic archaeon Thermococcus 
kodakarensis KOD1. Extremophiles 19, 741–750, https://doi.org/10.1007/s00792-015-0750-5 (2015).
 48. Sato, T., Fukui, T., Atomi, H. & Imanaka, T. Improved and versatile transformation system allowing multiple genetic manipulations 
of the hyperthermophilic archaeon Thermococcus kodakaraensis. Appl Environ Microbiol 71, 3889–3899, https://doi.org/10.1128/
AEM.71.7.3889-3899.2005 (2005).
 49. Sato, T., Fukui, T., Atomi, H. & Imanaka, T. Targeted gene disruption by homologous recombination in the hyperthermophilic 
archaeon Thermococcus kodakaraensis KOD1. J Bacteriol 185, 210–220, https://doi.org/10.1128/jb.185.1.210-220.2003 (2003).
 50. Atomi, H., Fukui, T., Kanai, T., Morikawa, M. & Imanaka, T. Description of Thermococcus kodakaraensis sp. nov., a well studied 
hyperthermophilic archaeon previously reported as Pyrococcus sp. KOD1. Archaea 1, 263–267 (2004).
 51. Fukui, T. et al. Complete genome sequence of the hyperthermophilic archaeon Thermococcus kodakaraensis KOD1 and comparison 
with Pyrococcus genomes. Genome Res 15, 352–363, https://doi.org/10.1101/gr.3003105 (2005).
 52. Yokooji, Y., Tomita, H., Atomi, H. & Imanaka, T. Pantoate kinase and phosphopantothenate synthetase, two novel enzymes 
necessary for CoA biosynthesis in the Archaea. J Biol Chem 284, 28137–28145, https://doi.org/10.1074/jbc.M109.009696 (2009).
 53. Kuba, Y. et al. Comparative analyses of the two proliferating cell nuclear antigens from the hyperthermophilic archaeon. 
Thermococcus kodakarensis. Genes Cells 17, 923–937, https://doi.org/10.1111/gtc.12007 (2012).
Acknowledgements
This work was supported by grants from the Ministry of Education, Culture, Sports, Science and Technology of 
Japan [grant numbers JP21113005, JP23310152, and JP26242075 to Y. I.], and a Grant-in-Aid for Japan Society 
for the Promotion of Science (JSPS) Fellows [JP16J02633 to M.N.].
Author Contributions
Y.I. and S.I. conceived the project. S.I., M.N. and Y.I. designed experiments. M.N., S.I., J.S., K.T., and T.Y. 
performed experiments. Y.I., S.I., M.N., and H.A. prepared the manuscript.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-17306-0.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
